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Sputtered Tungsten-Based Ternary and Quaternary
Layers for Nanocrystalline Diamond Deposition
INTRODUCTION
In the context of industrial coatings on tools, machine parts, and biomedical implants, there are many key factors involved in their development. The coatings must be hard and tough; they must be chemically resistant and thermally stable. In some applications, they must also be biocompatible. In almost all contexts, the films must meet an optimal thickness 1-5 often with very low surface roughness. One material meets almost all of these requirements: diamond. Single-crystal diamond (SCD) is extremely hard, chemically resistant, thermally stable, and biocompatible. However, the crystalline nature of diamond leads to a higher than desired surface roughness. Nanocrystalline diamond (NCD) consists of nano-sized crystallites of diamond with the grain boundaries containing non-diamond carbon. As a result, they share many of the same desirable * Author to whom correspondence should be addressed. characteristics as mono-or poly-crystalline diamond films, but with lower surface roughness and higher toughness. 6 7 However, as desirable as NCD films appear, there are drawbacks. It is difficult to grow adherent NCD films on many commercial substrates. To overcome this, significant surface modification is necessary. Here, there are two schools of thought: chemical or physical modification. For example, cemented WC substrates can be chemically etched with an H 2 SO 4 /H 2 O 2 , or HNO 3 /H 2 O, solution to remove the Co binder [8] [9] [10] [11] before diamond film deposition.
Physical modification can take several paths, such as plasma pretreatment, nanoparticle seeding, or interlayer deposition. For example, plasma treatment can improve the activity of the substrate's surface layer. 12 In nanoparticle seeding, diamond (or SiC) nanoparticles act as growth centers for subsequent diamond deposition. [13] [14] [15] This can be further enhanced by applying a voltage bias to the seeded substrate during deposition. 16 17 While it has been proven successful on many different substrates, seeding is time-consuming and can be expensive. Another option is the use of coatings to act as buffer layers between the substrate and the NCD coating. These underlayers are developed to act as a diffusion barrier, adhesion enhancement, and/or as a seed for NCD growth. For example, Si has been used as a diffusion barrier on stainless steel. 18 On cemented-WC substrates, both homogeneous carbides 19 and graded WC layers have been investigated. 20 Other approaches have included Al, 21 W-Al bilayers, 22 and Mo 23 thin films.
However, for maximum effectiveness, the underlayers must not degrade the characteristics of the NCD coating but should rather enhance them. In other words, they must also meet the stringent standards necessary for the NCD coating, i.e., high hardness and toughness, chemical and thermal stability, and possible biocompatibility. This can be achieved through the use of nanocomposite coatings. By moving to a nanocomposite, the material can be tailored for the desirable attributes.
A typical composite film consists of at least two materials with little or no solubility between the constituent phases. If the crystallite sizes are less than 10-20 nm, a nanocomposite is formed. The combination of multiple phases, with small crystallite size, leads to a change in the dislocation behavior. 24 In traditional materials, dislocations occur within the grains. In a nanocomposite, the grain size is limited and the dislocations occur at the grain boundaries. This limits the dislocation propagation and leads to significantly improved mechanical properties.
For example, single crystal diamond films are superhard, but have low toughness. In addition, their crystalline nature may lead to high surface roughness. To overcome these difficulties, a nanocomposite of graphitic C and diamond is formed: nanocrystalline diamond. However, adhesion is still an issue. Typically, significant surface modification is necessary for good adhesion to a wide variety of substrates. 8 9 15 17 18 25 26 Nanocrystalline TiN combined with an amorphous SiN matrix has shown a hardness greater than diamond. [27] [28] [29] [30] [31] [32] Other examples of nanocomposites may not reach superhardness, but are considered supertough, such as nc-TiC/ a-C 33 and nc-WC/a-C. 34 While nc-diamond, nc-nitride/ a-nitride, and nc-carbide/a-C nanocomposites have become well established, less information is available on nc-carbide/a-nitride nanocomposites.
In the present study, the viability of a Cr-WC-(N) based coating system is evaluated. This system was chosen as a result of the characteristics of the components. Binary WC is often prepared as tough and smooth crystalline film, but may have lower hardness than NCD films. 35 36 WN is typically harder than WC, but more brittle. [37] [38] [39] [40] CrN is excellent for wear and oxidation resistance, 41 42 but can often form with a porous columnar structure. 43 44 However, if properly combined, the resulting ternary and quaternary composites may act as a hard, tough, and smooth, thermally stable films. Additionally, it has been hypothesized that they may act as a seed layer for subsequent nanocrystalline diamond growth.
EXPERIMENTAL METHODS

Sample Preparation
The ternary and quaternary coatings were deposited by RF magnetron sputtering (Nordiko 3500), operating at 13.56 MHz, using 4-inch WC (Neyco, 99.5% pure) and Cr (Neyco, 99.95% pure) targets. The Si and Ti substrate temperatures were less than 200 C during deposition. The system base pressure is 6 × 10 −5 Pa, with a working pressure of 0.4 Pa. The working gas was either pure Ar or an Ar/N 2 mixture. Four sample compositions were produced: WC, CrWC, WCN, and CrWCN. The deposition conditions are summarized in Table I .
The NCD coatings were produced in a 6 kW, 2.4 GHz microwave chemical vapor deposition (MW-CVD, Wavemat) system. The system base pressure is 1.3 Pa. The working pressure was 5.3 kPa, with a gas mixture of 84% H 2 , 1.5% N 2 , and 14.5% CH 4 . The deposition time was 7 hours. The NCD films are deposited directly onto the ternary and quaternary films, without seeding. The temperature was approximately 780 C during deposition on Ti substrates and approximately 720 C during deposition on Si substrates. Based on prior experience growing NCD with this apparatus, [45] [46] [47] the film thickness is approximately 2.5 m.
Characterization
Once deposited, the samples were characterized with various techniques to determine the structural, chemical, and mechanical parameters of the films. A Philips X'pert thin film diffractometer system, operating with Cu K-radiation ( = 0 15406 nm) at 45 kV and 40 mA, was used to identify crystalline phases. While the detector was scanned between 20 and 80 , the source was kept at a 5 incident angle. Crystallite size was estimated using the Debye-Scherrer equation. The surface morphology was measured with an atomic force microscope (AFM, Veeco Topometrix Explorer) in contact mode at ambient temperature, pressure, and humidity. In addition, cross-sectional, high-resolution scanning electron microscopy (HR-SEM, JEOL JSM 6400F) was used to look at the growth mode and to determine the coating thickness. This field emission SEM used an accelerating voltage of 20 keV. The chamber pressure during measurement was less than 1 × 10 −4 Pa. A PHI 5000 Versaprobe imaging X-ray photoelectron spectrometer (XPS), operating a monochromatic, focused Al K-X-ray source (E = 1486 6 eV) at 25 W with a 100 m spot size, was used to determine the chemical bonding of the samples. The samples were grounded and charge neutralization was provided by a cold cathode electron flood source and low-energy Ar-ions. All measurements were taken at room temperature and at a pressure of 2 × 10 −6 Pa; the system base pressure is 5 × 10 −8 Pa. The energy scale was calibrated with reference to the Ag 3d peak. Surface contamination is removed with Ar-ion sputter etching for 1 min at 1 kV; this removes 2.6 nm from the surface. Surface cratering, due to sputter etching, is limited by rastering the beam across a 2 × 2 mm 2 area. Survey scans, with pass energy of 117.4 eV and 1 eV step size, and high-resolution scans, with pass energy of 23.5 eV and 0.2 eV step size, were taken both before and after surface cleaning by sputter-etching. The chemical compositions and bonding states of the films were determined using Multipak v9.0. Raman spectroscopy was used to determine the carbon bonding states in both the as-prepared underlayers and the NCD coated films. This system (Dilor XY) uses a 300 mW solid state laser (Dragon Lasers), operating at = 532 nm, focused to a 10 m spot size. All measurements were taken in standard laboratory conditions.
The mechanical properties of ternary and quaternary coatings were measured with a Nanoindenter XP (MTS Systems). Silica samples were used for calibration, and a Berkovich, total included angle of 142.3 , diamond indenter was used for all measurements. The maximum indentation depth was 500 nm. Hold times of 10 s (at maximum load) and 50 s (at 10% maximum during unloading) were used to minimize thermal drift and creep effects. The resulting measurements were processed with TestWorks 4 to produce load-displacement curves. The hardness and Young's modulus of each sample were calculated using the Oliver and Pharr method. 48 Due to soft substrates, both the hardness and the Young's modulus were estimated for the indentation depths in the range of 50-100 nm. This was approximately 5%-10% of the film thickness depending on the sample. 49 
RESULTS AND DISCUSSION
A binary WC sample was prepared on Si using the WC target, without the reactive gas. Figure 1(a) shows the XRD pattern for the WC sample on Si. By comparing this pattern with prior work 35 and the ICDD powder diffraction file (PDF) database, 50 the structure has been determined as carbon deficient, polycrystalline WC 1−x phase, with an average crystallite size of approximately 3 nm. The Raman spectroscopy measurements (not shown) indicated the absence of free C in the film. After removing the surface contamination, the XPS results (not shown) only show two carbide states in C1s core level at 283.5 eV and 282.4 eV. Thus, the film may contain some amount of W 2 C.
It has been found that the WC coatings prepared in this process partially delaminate from the most of the substrates used. However, the remaining adherent fragments of WC film were very smooth, with a RMS roughness of approximately 1.06 nm (as measured by AFM in 5 × 5 m 2 area). The nanoindentation tests yielded a Young's modulus of 404 GPa, and a high hardness of 38 GPa.
The analysis of Cr-WC coatings is not quite as straight forward as the binary WC material. This is partly due to the lack of accepted data files within the ICDD database, and the limited literature on this combination of materials. 51 52 As shown in Figure 1(b) , there is a single broad peak centered at 2 = 41 9 . The breadth of this peak may be the result of significant overlap between WC 1−x and CrC phases. Unfortunately, this amount of overlap precludes an accurate estimate of the average grain size. XPS has been used to further resolve the structure and chemical bonding in the film. As shown in Figure 2(a) , there is about 1.5 at. % of oxygen in the film located in two states at 530.0 eV and at 528.8 eV. In Figure 2(b) , the C1s spectrum is split in two states at 283.2 eV and 281.7 eV. Both appear to be bound carbide states. Figure 2 (c) shows that the Cr2p 1/2 and Cr2p 3/2 peaks are located at 581.9 eV and 572.5 eV, respectively. From the NIST XPS Database, 53 this is most likely a Cr 7 C 3 phase. Finally, Figure 2(d) shows the W4d peaks, with two distinct states. The W4f peak (not shown) shows only one state. Thus, it has been suggested that the Cr-WC system consists of W-C and Cr-C phases, with a small amount of W-O. While the Cr-WC coating is 1.5 m thick, smooth, and adherent, its hardness and Young's modulus are 19 GPa and 263 GPa, respectively. One possible explanation for the reduced mechanical properties, compared to the binary WC, is oxygen contamination; there is approximately 1.5 at.% of oxygen in the film. While both WC and CrC are hard materials, oxides are typically not. For example, WO x and WON have been reported with hardness values of only 7 GPa and 15 GPa, respectively. 54 55 Oxygen dissolved in metallic Cr can cut the hardness in half. 56 The ternary WCN coatings were found to be highly adherent, but were the thinnest. The reactive gas (nitrogen) reduced the deposition rate, resulting in a film of only 0.9 m. This thickness may also be a contributing factor in the lower hardness values. X-ray diffraction pattern of this material in Figure 1 (c) shows a small diffraction peak at 44.6 from the Cr buffer layer. The WCN phase is characterized by a single broad peak at 34.9 . This peak's FWHM is 6.1 and rather symmetric, and using the Debye-Scherrer equation, the crystallite size is estimated at 1.6 nm. However, the broadness of this peak may be a result of an overlap of phases with locally varied composition and the presence of partially amorphous phase. In addition, film stress tends to broaden peaks. This analysis is somewhat consistent with WCN formation using a much lower N 2 partial pressure during sputtering. 57 From the fitting of the high resolution XPS spectra (not shown), the C1s have three possible states at 284.9 eV, 283.6 eV, and 282.3 eV. The state at 284.9 eV is consistent with sp 2 -bonded C within the film. The other carbon states at 283.6 eV and 282.3 eV are both carbides. Both nitrogen states, 396.5 eV and 395.4 eV, are bound in nitrides. The W4d spectra yield two states, and the W4f only one state. In addition, this film contains approximately 1 at.% of O1s. Furthermore, Raman spectroscopy results (not shown) indicated the presence of sp 2 -bonded carbon. From these results, we determine the film consists of primarily WCN, with WO x and sp 2 -bonded C.
The nearly amorphous structure of the WCN coating can be responsible for the very low surface roughness of R rms = 1 28 nm. Yet, the hardness and Young's modulus are only 11 GPa and 187 GPa, respectively. While there are several possible culprits for these low mechanical properties, there are three that stand out. The first is oxygen contamination. Hao et al. 58 have previously noted the detrimental effects of oxygen in Si-Ti-N based systems. The second is the effect of small film thickness on a relatively soft substrate. 49 In addition, the presence of free graphitic carbon phase can be another factor as this phase is expected to be relatively soft.
The composite coating prepared by the simultaneous sputtering of WC and Cr targets in an argon-nitrogen atmosphere was quite different from the materials discussed above. Both XPS and XRD suggest that CrWCN seems to be a true nanocomposite. The XRD patterns of CrWCN are very different from those for other samples.
Both the W4f (not shown) and N1s, Figure 3 (a), are in one state. Figure 3(b) is the C1s, with two states located at 284.3 eV and 282.1 eV. Figure 3(c) shows the Cr2p peaks, deconvoluted into two distinct states. Figure 3(d) is the W4d which also shows two states. Due to thermodynamic considerations, it is expected for the nitrogen to bind primarily with Cr. Therefore, based on the XPS data, it has been suggested that this quaternary composite may be comprised primarily of two distinct WC and CrN nanocrystalline phases. Additionally, compositional analysis determined the Cr:W ratio is 1.94:1. This conclusion is partially supported by the XRD pattern in Figure 1(d) , where the peaks from CrN and WC 1−x phases are close and overlap. The mean grain size of both phases seems to be similar, and in a 7-8 nm range.
The formation of a nanocrystalline composite material, with at least two phases, can be responsible for the improved mechanical and other characteristics of the CrWCN coatings when compared with other samples. These coatings are well adherent and very smooth with R rms = 1 65 nm, as shown in Figure 4 . The hardness and Young's modulus of CrWCN were determined as 27 GPa and 280 GPa, respectively.
While there are some interesting possibilities within coatings based on Cr-WC-N, this is only part of the overall picture. One targeted application for these coatings is the underlayers for successful nanocrystalline diamond (NCD) deposition. Each of the samples above, on Si substrates, were used to deposit NCD by microwave plasma assisted CVD. In these preliminary experiments, it has been found that both the WCN and CrWCN showed NCD layer growth without additional seeding. The binary WC and ternary CrWC samples delaminated during the NCD deposition. Figure 5 is the XRD patterns for both the (a) WCN and (b) CrWCN films after NCD deposition. In both films, there is a small peak at 44.4 which corresponds to (111) peak in diamond. The size of the diamond crystallites was estimated about 9 nm in both films. However, as can be seen in Figure 5(a) , there is a phase transition from a nearly amorphous WCN film to a polycrystalline composite. Due to annealing, and the reducing effects of hydrogen during the NCD deposition, the ternary layer decomposes into WC 1−x (with a peak at 41.8 ), W 2 C (with peaks at 36 and 39.4 ), and pure W (with a peak at 40.4 ) phases. The CrWCN film ( Fig. 5(b) ) exhibits significantly different behavior. Based on the XRD data, it has been proposed that this nanocomposite decomposes into W 2 C (peak at 36 ), WC 1−x (peak at 41.3 ), CrN (peaks at 37.8 and 43.4 ), and possibly CrC (peak at 44.9 ) nanocrystalline phases without significant changes in the surface morphology and adhesion.
The formation of NCD has been further confirmed with Raman spectroscopy, as shown in Figures 6(a, b) . For ternary and quaternary based films, deposited on both Si and Ti, the NCD layers demonstrated the same Raman spectra with distinct peaks at 1135 cm −1 , 1331 cm −1 , 1358 cm −1 , 1471 cm −1 , and 1536 cm −1 . The peak at 1331 cm −1 is due to diamond. The peaks at 1135 cm −1 and 1471 cm −1 are typically ascribed to polyacetylene chain fragments. 59 60 The peaks at 1358 cm −1 and 1536 cm −1 are the D-and G-lines for small, distorted sp 2 -bonded cluster. 61 The lack of significant line-shifts may correspond to low internal stress within the NCD layer.
However, the NCD does not form a smooth layer as seen in Figure 6 (c). Prior to deposition, the surface roughness of the WCN and CrWCN coatings were 1.28 nm and 1.65 nm, respectively. After NCD deposition, both the WCN and CrWCN based films had surface roughness in excess of 30 nm. This can be a result of enhanced secondary nucleation during NCD growth. Since this occurs on both ternary and quaternary underlayers, the problem may lie within the NCD deposition process rather than the coating parameters. 
CONCLUSION
Cr-WC-N based coatings were successfully deposited onto both Si and Ti substrates, using reactive RF magnetron sputtering. The binary WC films have the highest hardness, but these coatings partially delaminate from both Si and Ti substrates. The ternary Cr-WC films also show high hardness, with good adhesion. However, neither the WC nor the Cr-WC films survived the microwave plasma, and cannot support nanodiamond growth. The hardness of the ternary WCN films was lower, but the coating was adherent after plasma treatment, and supported nanodiamond growth. The CrWCN nanocomposite was also adherent after plasma treatment, with a much higher hardness than the WCN and Cr-WC coatings. Nanocrystalline diamond films were successfully deposited onto the quaternary CrWCN films. However, problems with secondary nucleation significantly increased the surface roughness of the nanocrystalline diamond films on both WCN and CrWCN. The NCD deposition process optimization will be required to verify the feasibility of using CrWCN and WCN films as underlayers for smooth NCD growth.
